We propose, and verify in the case of a Ge-doped-silicacore optical fiber, a general explanation for the power-law dependencies on dose frequently observed for the radiationinduced attenuation in optical fibers. This insight permits detailed prediction of the post-irradiation recovery curves, given just the empirical exponent of the power law, O<f<l, and the experimental irradiation time, tinad. The time constant of the recovery is given by timd/( 1 -Q, in both firstand second-order kinetics. We establish a microscopic model of radiolytic oxygen molecules for the y-ray-induced absorption at 1.3 pm in our test fibers and infer a diffusionlimited bimolecular recombination process.
I. INTRODUCTION
Analyzed data on thousands of condensed matter samples and tens of relaxation phenomena have appeared to be described by a single "universal" relation where q(t) is the measured quantity, T is the observed time constant, and a is a number between 0 and 1. The recovery of the radiation-induced attenuation in optical fibers can be similarly de~cribed.~ Over the years, there has been intense interest in developing evidence for the microscopic physics underlying the data described by this otherwise phenomenological equation. Nominally, two classes of mechanisms are considered: (i) diffusion-controlled reactions in which the "stretched exponential" behavior is attributed to random distributions in the parameters governing transport in disordered solids and (ii) hierarchically limited dynamics resulting in correlated relaxation processes consisting of several successive steps. Among the relaxation phenomena recently interpreted in terms of eq. (1) have been the long-term kinetics of postirradiation thermal bleaching of radiation-induced defects in glasses. 6 A separate phenomenon has often been reported in the literat~re,4.~-'' usually, though not always,' ' without any attempt at interpretation. This phenomenon is defect growth kinetics taking the form
where D is the radiation dose and C and f(<l) are empirical constants. The induced attenuations in optical fibers follow power-law growth, at least over the 0.01-10 h a d dose range for pure silica core fibers and over the 0.01-100 krad range for Ge-doped silica core fibers4. In each of these cases, the post-irradiation thermal decay of the attenuation has exhibited "stretched" behaviors which we have previously opted to fit to standard nth order kinetic formulations--rather than eq.
(1)--Le., solutions of where R is a constant. Our prior fits4. "J' implied effective values of n ranging from 3 to 10--despite our belief that the underlying kinetics must be bimolecular (as for diffusionlimited recombination of electrons and holes or vacancies and interstitials).
Obtaining an interpretation of the recovery of the radiation-induced attenuation is essential for the prediction of fiber radiation response in real-world environments, such as space, where the dose rate and temperature may be not only significantly different from that used for qualification, but also time-varying.
We have proposed4 that the attenuation q(D) induced in a fiber by a low dose rate-radiation exposure D= Dmisstmisr, where D is the total dose, D,,,, is the mission dose rate, and f,,, is the mission lifetime, can be extrapolated from the recovery of the incremental loss q(tmis,) following a high dose rate laboratory irradiation to the same total dose D. Since it is not practical to measure the recovery for t=tmiss, one must accurately fit the data for 104-105 s following exposure and then extrapolate to t=t,,,,. The difficulties with our prior fitting p r o c e d~r e~, '~, '~ were that the values of n were nonphysical, the accuracy of the fits was often poor at long times, and there was no analytical means to incorporate variations in dose rate and temperature.
In the present paper we now prove that the oft-observed power-law growth and "stretched" (n>2) decay behaviors of eqs. (2) and (3), respectively, are simultaneously interpretable in terms of standard bimolecular kinetics (n=2) if we decompose the observed kinetic curves into the contributions of a distribution of independent subpopulations, each characterized by a different production rate constant K and a recombination rate constant R related to K by a semiempirical formula. We use our model to analyze new experimental data for the 6oCo-y-ray-induced attenuation measured at 1.3 pm in a Spectran SG320R 100/140 multimode optical fiber with a Ge-doped-silica core and a pure silica cladding. The model has also been used successfully to analyze radiation damage data of other multimode and single mode fibers.
ANALYSIS AND MODEL
We begin our analysis by differentiating eq. (2) to obtain an empirical growth rate equation:
where D is the dose rate. In classical nth order kinetics, a rate equation of the following form always applies: dq/dt = KD -Rq". We now equate the right-hand sides of eqs. (4) and ( 5 ) to obtain
(6) Equation (6) shows that for a power-law growth curve, the effective "constants" R and K must be empirically interrelated and depend on D, D, q and n. In our model, we make the assumption that the underlying classical rate constants are time invariant. This assumption then means that the empirical growth curve is comprised of the envelope of a series of discrete classical curves (or integration over a continuum of curves) given by the solutions of eq. It is useful for heuristic purposes to attach a value of K, to each point on the empirical growth curve according to the equations q(,,=K,D,,,=CD,,{ (an approximation which assumes that the i* component curve saturates abruptly when it reaches the empirical curve at coordinates D(,,, q(,,, as shown in Fig. 1 ). In this way, we can eliminate either DO) and q0, or K, and qa, from eq. (6). Performing the first elimination, we find the dependence of R, on Ki, By performing the second elimination, we illume the dependence on doseI3 of the instantaneously measurable R,,
Since the n=l solutions of eq. ( 5 ) are well known, we have used eq. (7) with n=l to perform a coarse decomposition of an empirical power-law growth curve into a sequence of saturating exponentials, each characterized by correlated production-and recombination-rate constants Ki and R,, respectively (see Fig. 2 ). In this first-order-kinetic analysis, the steady-state (saturation) losses are given by K,D/Ri. We will demonstrate below that such a scheme (presumably based on n=2 solution^)'^ can uniquely account for our data. 
VERIFICATION OF THE MODEL
Returning to eq. (S), we see that our model makes a noadjustable-parameters prediction of the recovery curves to be expected when the radiation is interrupted. The only knowledge required consists of the empirical growth parameters C and f determined from fitting the growth data to a power law, the dose rate D, and the final accumulated dose D,=D,,.
In the present case, we use Dcum=Dtot to verify the agreement between predicted and measured recovery behavior. However, extrapolation to other doses can be easily made. To test this prediction in the case of the present experiment, we use the standard n' order kinetic solution for n>l:
taking qo=C(D,,,)' and R=R, as given by eq. (8) when D,i, -Dcum. In eq. (9), we may define a characteristic time constant 'c according to l/z=(n-l)q,"-'R. (In the case of n=2, T is the half life.) Following the present prescription, it is found that for n> 1 -(For the case n=l, ~= R -' = t~~~~/ ( l -f ) is the l/e time.) For a variety of dose rates (experimentally resulting in different values of both C and f ) and several different cumulative doses, the characteristic times calculated via eq. (10) using n=2 gave the experimentally correct half life, though eq. (9) did not reproduce the shape of the "stretched" experimental curves unless the value of n was set =5-6.
Dose (mdr Si)
of the theory at once proves the correctness of the model, while promising to be of considerable practical value for extrapolating the performances of optical fibers in varied radiation environments from a limited data set! However, the present model envisions the empirical growth curve to consist of a summation of individual curves, as illustrated in Fig. 2 . Thus, to be consistent, a detailed model prediction of the recovery curve must comprise a summation of decay curves, e.g., with values of q0(,) which can be picked graphically from Fig. 2 as the values of the component curve evaluated at D=D,,.
(Of course, the decay rate constants R, to be used are those calculated from eq. (8) using the appropriate value of n, not necessarily the n=l rates of Fig. 2 .) The data used to test the model are the 1.3 pm yray-induced losses in the Spectran SG320R fiber, shown in Figs. 3 and 4 for various dose rates and temperatures and as functions of time following removal from the source. In Fig.  3 , T=-55 C for data at the higher dose rates, T=-20 C for the lowest. In Fig. 4a , f = 0.64, 0.66, 0.63, and 0.78 for the power law fits at -55, -20, 23, and 80 C, respectively. Separate fiber samples were used to obtain the decay curves in Fig. 4b following cumulative doses of 5 and 100 had. The results of the model calculations (assuming n=2) are plotted as smooth recovery curves. Note that these curves are predictions (not fits)." The astonishing predictive ability desirable to seek a deeper physical understanding of the origin of the 1.3 pm radiation-induced attenuation in this fiber. Typically, such incremental loss occurs as the result of defect centers created by electron and/or hole trapping during irradiation or by the creation of vacancy-interstitial pairs. The present analysis suggests that there is a set (or continuum) of defect subpopulations characterized by the rate-constant pairs (K,, R,). The temperature dependence data of Fig. 4(a) show that the R,, at least, must be thermally activated. It is our sense that the K, cannot have a temperature dependence, since the energy spectrum of the inducing y rays, peaking near 1.5 MeV, must surely dominate. Therefore, to develop Arrhenius plots shown in Fig. 5 from the data of Fig. 4(a) , we used eq. (8) to calculate R,(T) for each of several K, values defined by the passing parallel lines KID through the four experimental data sets. (It would be incorrect to use any group of four temperature points at some fixed dose, since each of these would belong to a different K, value.) The plots so obtained, corresponding to K, values of 0.0003, 0.001, 0.005, and 0.02 dB/km/rad, yielded activation energies of 1.14, 1.35, 1.15, and 1.01 eV, respectively. These values are in excellent agreement with the activation energy of 1.17 eVI6 for diffusion of 0, molecules in silica glass and are much higher than the activation energies of any other known atomic, molecular, or electronic species in silica. Since it is known (1) that GeO, is more easily reduced to the monoxide than is SiO,, (2) that 0, molecules can be produced radiolytically even in pure a-SiO,," and (3) that 0, has a so-called "atmospheric absorption band" at 1.27 pm," we regard 0, molecules as the radiation product most likely responsible for the measured attenuations at 1.3 pm as well as the mobile species determining the recombination kinetics.
We speculate that the existence of a range of subpopulations is a manifestation of spatially correlated O,/oxygen-divacancy pairs in a range of initial separations, with the closest pairs being produced (and recombining) at the greatest rates. We assume without proof that the intermediate-range order of the glass network enters in determining the precise dependence of R, on K,, eq. (7). In this interpretation, there must exist nearest-neighbor pairs which would define upper bounds on the distributions of K, and R,. This notion is supported by the data of Fig. 3(a) , where the dashed straight line--representing an initially observed linear response at the highest dose rate--can be interpreted as K,,=0.07 dB/km/rad. 
V. ELIMINATION OF A SPECIAL CASE
We note in passing that other explanations for specific power-law growth behaviors have been posited. For example, it has been pointed out" that a D"' behavior can result from a quasi-mass-action law if a primary defect produced linearly with dose were to reversibly dissociate into two daughter defects which become the measured quantities. However, this special case would require that the decay time of the primary defect (and hence of the daughter defects in equilibrium with it) be long with respect to the longest irradiation times over which the power-law behavior can be observed. By contrast, our model predicts-and the present data show-decay times comparable to the irradiation times, tlmd, over the entire range of power-law behavior.
VI. POSSIBLE APPLICABILITY OF PHENOMENOLOGICAL EQUATIONS
Although the model developed above clearly fits our data in detail, we have also tested the possible applicability of more traditional "stretched" relaxation functions. Vis-&vis eq. (l), we have supposed that the exponent a may be related to the exponent f in eq. (2). On the basis of our analysis, it seems that the simple relation a=l-f (as opposed to a=f) would be at least qualitatively correct for postirradiation times t>timd and 1>BO. In Fig. 6 , we compare data from Fig. 3(b) with no-adjustable-parameter curves (dashed lines) generated from eq. (1) using this conjecture and taking 7=timd/(1-f). It is seen that these Kohlrausch curves deviate significantly from the data at long times. The bold, fully-drawn curves in Fig. 6 are analogous noadjustable-parameter "stretched second-order solutions" again assuming a=l-f and taking T as given by eq. (10) for the case n=2. Of course, better agreement with the data could be achieved by freely varying all parameters in any one of eqs. (l), (9) or (1 l), but no added physical intuition would accrue. By contrast, the present parameterization of eq. (1 1) is understandable in terms of the above analysis and might offer a practical approximation for predicting the decay kinetics of defect populations exhibiting well-formed l9 powerlaw growth curves. However, the relation a=l-f remains a conjecture and the accuracy of eq. (11) has yet to be tested over a wide range of conditions.
VII. CONCLUSIONS
A general explanation of power-law growth curves has been developed which is independent of any assumptions, except that the underlying kinetic rate constants are truly constant (Le., independent of dose and time). The proof of the model lies in its power to predict both the time constants [T=tid/(n-l)( 1-01 and the shapes of the post-irradiation decay curves, given only the exponent f of the growth curve and the irradiation time timad as input data. (The true kinetic order n must be assumed, if it has not been determined as described in footnote [14] .) The predictive power of the model allows confident extrapolation of laboratory radiation test data to real world environments where the dose rate may be significantly less and time-varying and the temperature may vary throughout the mission lifetime.
Evidence that the induced absorption at 1.3 pm in our Ge-doped-silica-core fibers arises from radiolytically produced interstitial 0, molecules sheds new light on the natures of the microscopic physical processes which can give rise to such power-law growth behaviors, curves as having an initial "linear dose dependence", the straight-line slopes scaled from the illustrated loglog plots were f=0.85 and 0.75, for the respective glasses, Le., they were power laws.
[ 141 In principle, the true kinetic order can be deduced from the dependence of the growth curves on dose rate, D. Assuming, as we have done in the present analysis, that Ki and Ri are independent of D and further that f is empirically found to be independent of D, eq. (1 1)) in all cases except for the highest-dose-rate data of Fig. 3 . The factor-of-2 discrepancy between the experimental and predicted values of T evident in Fig. 6 (squares) is tentatively ascribed to the continuous curvature (as opposed to straight-line behavior) manifested in the corresponding log-log growth curve of Fig. 3(a) . Indeed, this curvature may be due to a breakdown at very high dose rates in the assumption that R, is independent of D.
3Kmean and (1'3)Kmean.
